Relaxor characteristics at the interfaces of [NdMnOs/SrMnOs/LaMnOs] superlattices 
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We have investigated the magnetic properties of transition metal oxide superlattices 
with broken inversion symmetry composed of three different antiferromagnetic insulators, 
[NdMnOa/SrMnOa/LaMnOs]. In the superlattices studied here, we identify the emergence of a 
relaxor, glassy- like behavior below Tsg =36K. Our results offer the possibility to study and utilize 
magnetically met ast able devices confined at nano-scale interfaces. 



Heterostructures of materials with strong electron- 
electron and electron-lattice interactions, the so-called 
correlated electron systems, are potential candidates for 
emergent interfacial properties including various forms of 
spin, charge and orbital ordering absent in bulk materi- 
als. Promising examples include multilayers composed of 
insulators of LaAlOs and SrTiOa with interfaces display- 
ing properties of quasi-two-dimensional electron gase^, 
superconductivity^, metallic conductivity^— and ferro- 
magnetism (FM)^. The multilayers composed of anti- 
ferromagnetic (AF) insulators in bulk forms, LaMnOa 
and SrMnOs are also examples of emergent electro- 
magnetic properties at the interfaces between dissimilar 
manganitesi — . It has been demonstrated that these su- 
perlattices could posses FM order at the interfaces due 
to a charge reconstruction, although each parent mate- 
rial is an AF^^. The competitive interaction between 
the reconstructed FM at interfaces and the AF states 
present far from the interface regions has been suggested 
to lead to a frustrated/glass like behavior— li^. Small ex- 
ternal perturbation in glass-like correlated electron thin 
film devices, at a "caged" nano-structured interface, in 
particular, is expected to lead to high degree of tunabil- 
ity. These include, magnetoelectronics such as spin and 
charge memory devices at the atomic scale. 

Here we report on the relaxor and spin glass-like 
properties arising at the interface of superlattices, com- 
posed of insulating manganites : LaMnOs, SrMnOs and 
NdMnOs, which are A-, G, and A- type AF, respectively. 
Superlatties of [(NdMn03)n/(SrMn03)n/(LaMn03)n]m 
were grown epitaxially on single crystalline SrTiOs sub- 
strates at an ambient oxygen/ozone mixture of 10~^ 
Torr by layer-by-layer growth technology using the laser 
molecular beam epitaxy technique. The details were 
reported in an earlier worki^. Figure 1 (a) depicts a 
schematic drawing of a superlattice with n=5 studied 
here, with alternate A sites around the blue octahedra 
representing MnOe in the ABO3 pervoskite. The total 
thickness of the superlattices was kept approximately 500 
A, varying (n, m) = (1 unit ceh, 42), (2, 21), (5, 8), 
and (12, 4) in order to investigate the effect of the pe- 
riod. Structural characterization using synchrotron x-ray 
diffraction (Fig. 1(b)) along with the in-situ reflection 
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FIG. 1: (a) Schematic drawing of the superlattice 
[(NdMn03)5/(SrMn03)5/(LaMn03)5]8. The octahedral 
structures and spheres represent BOe and A-site atoms 
in the ABO3 perovskite structure, respectively. The 
arrays of the arrows represent corresponding 
antiferromagnetic types, (b) Synchrotron x-ray 
diffraction for different superlattices. (c) In-situ 
reflection high energy electron diffraction for the 
superlattice with n=5. (d) The topography image of 
atomic force microscopy for the superlattice with n=5. 



high energy electron diffraction (Fig. 1(c)) indicate the 
presence of sharp interfaces with roughness less than one 
unit cell. The topography image performed using atomic 
force microscopy (Fig. 1(d)) confirms the surface rough- 
ness to be less than one unit cell. 

The bulk magnetic properties of the superlattices were 
investigated using a superconducting quantum interfer- 
ence device magnetometer. Figure 2(a) shows magneti- 
zation curves as a function of temperature. Data were 
taken by warming the sample in a field (after cooling 
to lOK in zero-field) (ZFC: dashed lines), and by cool- 
ing in the presence of a field (FC: solid lines). The dis- 
crepancy between FC and ZFC curves at low tempera- 
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FIG. 2: (a) Temperature dependence of the 
magnetization measured in a magnetic field of O.IT 
applied parallel to the plane of the films, (b) Hystereses 
loops obtained at lOK with a magnetic field applied 
parallel to the plane of the films. 



ture broadly resembles spin-glasses (SG). We will discuss 
this later. For super lattices with n^2, the magnetiza- 
tion values are significantly larger (8 times larger in the 
cases of n=5) than those of bulk LaMnOa^, SrMnOs^ and 
NdMnOs^^. On the other hand, for n=l there is a weak 
magnetic moment which is comparable to that of bulk 
LaMnOa, SrMnOa, or NdMnOs. The magnetic proper- 
ties of (NdMn03)i/(LaMn03)i/(SrMn03)i may be sim- 
ilar to the solid solution states of (Nd, Sr, La)Mn03 
due to charge spreading through the interfaces, resulting 
in a three dimensional uniform charge distribution while 
keeping chemically sharp interfaced. The weaker mag- 
netization observed for the superlattice with n=l com- 
pared to (LaMn03)2/(SrMn03)i, is due to a decreased 
magnetization caused in a Lao.7Sro.3Mn03 solid solution 
by replacing the La by Nd, Pr or Y which have smaller 
ionic radii^^. The tendency for an increase in magnetiza- 
tion and Curie Temperature with increasing period until 
a critical period, n=5, and a decrease with an increase of 
n above 5 (Fig. 2(a)) agrees with earlier suggestions for 
[(LaMn03)n/(SrMn03)n]'. 

Hystereses loops (Fig. 2 (b)) were measured at lOK 
after field cooHng in O.IT applied along the plane of 
the film. (The linear part of the hysteresis due to 
the paramagnetic substrate has been subtracted.) The 
coercive fields of the samples are i7c=0.04, 0.14, 0.36 
and 0.28T for n=l, 2, 5 and 12, respectively. The 



coercive fields along with magnetic moments reveal a 
critical period of n=5, indicating the presence of FM 
phases as previously reported for a similar superlattice 
of [LaMn03/SrMn03]^ i^^. 

To further investigate the presence of the thermal hys- 
teresis at low temperatures (Fig. 2(a)), we examined the 
sample with n=2 by measuring the dc magnetic suscep- 
tibility (x) as a function of temperature in different mag- 
netic fields (0.05T - 1.5T). In Fig. 3 the dashed and solid 
lines depict the susceptibility obtained in ZFC and FC, 
respectively. The shift of the peaks of the ZFC curves 
to lower temperatures with increasing field is a charac- 
teristic of SG/relaxors. The normalized spin glass order 
parameter q is defined as^^ 

q{T, H) = [(xo + C/T) - x(T, H)]/{C/T) (1) 

or 

q{T,H) = \tfF^{Hy\tf+-') (2) 

where C, F±, /3, and 7 are the Curie constant, the scal- 
ing function, the reduced temperature t={T-T sg) SG 
(here Tsg is the SG temperature), and the critical ex- 
ponents characterizing the SG behavior, respectively. 
Through the scaling analysis (Fig. 3 (inset)) we obtain 
^S'G=36K, /3=0.7 and 7=1.95. These values are in good 
agreement with experimental reports for other SG such 
as CdIno.3Cr1.7S4 (/3=0.75 and 7=2.3^^). Notably there 
is deviation from the scaling function at low fields (0.05 
and O.IT). This behavior may be due to an inhomoge- 
neous SG order in the superlattices, such as coexistance 
of the former with AF and FM regions whose volume ra- 
tio may be changed by an applied magnetic field. For 
samples with n ^5 we do not observe the scaling law be- 
cause the coexistence and modulation of the SG, AF, and 
FM phases as a function of thickness hinders the charac- 
terization of the SG behavior from the other regions. 

The time decay of the magnetization for the super- 
lattice with n=2 (Fig. 4) adds credence to the glassy 
characteristics. (The other films also show time relax- 
ation but we do not present the data here.) The re- 
laxation of the thermoremanent magnetization (Fig. [H 
(a)) was measured by the following method. The sample 
was cooled from room temperature to lOK in the pres- 
ence of a magnetic field of O.IT applied parallel to the 
film's plane. When the temperature was stable, the mag- 
netic field was switched off and the magnetization decay 
was recorded as a function of time for 60 min. The de- 
cay curve is fitted by a stretched-exponential function 
(solid line)!^ M{t) = Moexp(-a(t/ro)^-^/(l - 7/)). We 
find y =0.7 which is typical of other SG systems such 
as AgMni^. The slow increase of the magnetization af- 
ter switching on the magnetic field is depicted in Fig. 
4(b). Here the sample with n=2 was cooled down from 
room temperature to lOK in the absence of a magnetic 
field. When at lOK, a field of O.IT was applied parallel 
to the surface of the film and data was recorded. The 
data is fitted by the logarithmic function (solid line)2S 
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FIG. 3: Magnetic susceptibility (x) for magnetic fields 

from 0.05T to 1.5T for the sample with n=2. The 
dashed and sohd lines depict the susceptibility obtained 
with ZFC and FC conditions, respectively. (Inset) Spin 
glass scaling for the superlattice with n=2. 
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FIG. 4: Time response of the magnetization for 
[(NdMn03)2/(SrMn03)2/(LaMn03)2]. (a) The 
relaxation of the magnetization is measured at lOK 
after coohng in a magnetic field of O.IT applied parallel 
to the plane of the film. The solid line is a fit to M(t) = 
Moex.-p{-a{t / ro)^~y / {1 — y)) (b) The increase of the 
magnetization is measured at lOK in a field of O.IT 
applied parallel to the film's plane after cooling in zero 
field. The solid line is a fit to M{t) = Mq + Sln{t + to). 



The thermal hysteresis (Fig. 2(a)), the scaling curve 
(Fig. 3: inset) and the ageing signatures (Fig. 4) re- 
veal the presence of a SG like behavior. Possible origins 
for SG in this system include : (1) SG characteristics 
present in each layer, (2) miscut between substrate and 
the first layer from the substrate, LaMnOs, and (3) mag- 
netic frustration between FM and AF regions, where FM 
and AF regions are possibly present at interfaces and in 
the core of each layer, respectively. The possibility for 
this behavior being due to each layer can be ruled out, 
however, by the systematic changes in the amplitudes 
and the irreversible temperatures of the magnetization 
for samples with different periods (Fig. 2). Also magne- 
tization curves of each individual manganite show AF not 



a SG. A possible source for the SG characteristics may 
be the interface between the substrate (SrTiOa) and the 
first deposited layer of LaMnOa. This too, cannot be 
the origin for our observations, since the magnetization 
curves as a function of temperature for a 60 unit cells 
LaMnOa layer grown on SrTiOs indicates AF not a SG^. 
We believe a competition between the FM and AF layers 
may account for our observations. In fact, such a com- 
petition has already been proposed for superlattices of 
[(LaMn03)2n/(SrMn03)n]^^''. 

The modulated magnetization of AF and FM layers as 
a function of depth was studied using polarized neutron 
refiectivity (PNR) in a superlattice with n=12, whose pe- 
riod is most suitable for PNR. Figure 5(a) shows the PNR 
results at 300K (above Tc) with non-polarized neutrons 
since there is no magnetic signature at this temperature. 
The solid line depicts a fit of the calculated refiectiv- 
ity obtained from the scattering length density (SLD) 
model as a function of depth. The SLD profile (inset) 
for NdMnOs, SrMnOs, and LaMnOa gives 3.65, 3.55 and 
3.75 X 10~^ respectively, in good agreement with cal- 
culated and experimental valuesii^. The weak Bragg peak 
at g = 0.045 A~^ is due to the similarity in the nuclear 
scattering length for La, Sr and Nd atoms. The refiectiv- 
ity measured in a magnetic field of 0.6T applied parallel 
to the film's surface, after field cooling to lOK in 0.6T, 
shows strong Bragg peaks and significant difference be- 
tween R+ and R~ , indicating the presence of a magnetic 
modulation in the superlattice. R+ and R~ are obtained 
by the polarized neutrons with spin states parallel and 
antiparallel to the magnetic field, respectively. From our 
best fit to the PNR data, we obtained the magnetic pro- 
file shown in the inset of Fig. 5. As in earlier reports on 
superlattices composed of SrMnOa and LaMnOa layer^, 
our data also reveal an enhancement in the magnetiza- 
tion at the interfaces of NdMnOa/SrMnOs (1.1/iB/unit 
ceh) and SrMnOs /LaMnOs (3.3/iB/unit ceh). The ob- 
tained thickness of the interfaces is around 10 A. Notably, 
there is no signature of an enhancement at interfaces of 
LaMnOa/NdMnOs. This may be due to the absence of 
polarity-discontinuity between these layers^. In the re- 
gions far from the interfaces, NdMnOs (0.7/iB/unit cell), 
SrMnOs (<0.1/iB/unit cell), and LaMnOs (1.5/iB/unit 
cell) layers have comparable values to single films grown 
on SrTiOs or in bulki^ii^i^. An integrated magnetiza- 
tion estimated from the values we obtained by the fitting 
in Fig. 5 for the film with n=12 is within 10% of the sat- 
urated magnetization moment obtained by bulk magne- 
tization (Fig. 2(b)). We assumed that the magnetization 
and the thickness of the interfaces for the film with n=5 
are same to those values obtained from the films with 
n=12. An integrated magnetization for the film with 
n=5 which is obtained based on the above-mentioned as- 
sumptions is also within 10% of the value obtained by 
bulk magnetization. Therefore, we may interpret the re- 
laxor behavior being due to the competitive interaction 
between FM mainly present at interfaces and AF regions 
in a magnetically modulated syste m^^i^^ . The large coer- 
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FIG. 5: (Color online) (a) Polarized neutron reflectivity 
(PNR) measurements for the sample with n=12 taken 

at 300K (above Tc). The orange, green and blue 
regions depict the regions of NdMn03(N), SrMn03(S), 
and LaMn03(L) layers, respectively. The solid line is a 

fit of the calculated reflectivity obtained using the 
scattering length density (SLD) model, (b) PNR taken 

at lOK ( below Tc) in 0.6T after field cooling in the 
same field. The red (upper) and green (lower) circles are 
the R+ and R~ data, respectively. (Inset) the magnetic 
structure obtained from a calculation which reproduce 

the PNR data as represented with the solid lines. 



cive fields (Fig. 2(b)) commonly occurring by pinning the 



FM spins nearby an AF layer support the competition at 
FM/AF interfaces. 

In summary, we fabricated a series of superlattices 
stacked repeatedly by different types of AF insulators 
namely, LaMnOa, SrMnOa and NdMnOa. The magnetic 
properties obtained by bulk magnetometry have revealed 
the presence of FM, AF and spin glass (SG) phases. The 
thermal hysteresis and time dependent magnetization in- 
dicate a SG like behavior below Tsg (=36K). Scaling 
shows the critical exponents to be 13=0.7 and 7=1.95. 
The possible origin of the SG characteristics may be due 
to the competing interactions between FM and AF re- 
gions. A modulation of FM and AF regions have been 
detected by polarized neutron refiectivity. This study 
may be potentially applicable to metastable magnetic 
memory devices which can offer a gateway to engineer 
sub-nano-scale metastates confined at oxide interfaces. 
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